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Radial structures of plasma rotation and radial electric field are experimentally studied in
tokamak, heliotron/torsatron and stellarator devices. The perpendicular and parallel viscosities are
measured. The parallel viscosity, which is dominant in determining the toroidal velocity in
heliotron/torsatron and stellarator devices, is found to be neoclassical. On the other hand, the
perpendicular viscosity, which is dominant in dictating the torcidal rotation in tokamaks, is
anomaious. Even without external momentum input, both a plasma rotation and a radial electric field
exist in tokamaks and heliotrons/torsatrons. The observed profiles of the radial electric field do not
agree with the theoretical prediction based on neoclassical transport. This is mainly due to the
existence of anomalous perpendicular viscosity. The shear of the radial electric field improves particle

and heat transport both in bulk and edge plasma regimes of tokamaks.
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1. Introduction

1-1. Importance of an electric field

A radial electric field has been considered to possibly reduce the ripple loss and to prevent the
degradation of confinement in stellarators and helical devices!). Efforts to study the radial electric
field have been done in the Wendelstein 7A (W-7A) stellarator and the Heliotron E (H-E)
devices? 3 In tokamaks, plasma space potential was measured for a long time, ¢.g., in TM-4, ISX-
B4"). Because no significant effects of the radial electric field on plasma confinement have been
observed in the early days, few attention has been paid as a research subject in tokamaks afterwards.
However, after the transition from low confinement mode (L-mode) to high confinement mode (H-
mode) (L/H transition} was found in ASDEXS), a spontaneous bifurcation of the radial electric field
was theoretically proposed to cause 1% and refreshed the motivation of research. The
phenomenon, that associated with the L/H transition, the radial electric field suddenly changes at the
plasma periphery (few cm), was observed in DIND 517, [FT:2M8-20), ASDEX?) and
Wendelstein 7AS22), The H-mode could be triggered experimentally by extemnally inducing a radial
electric field in the plasma in CCT and TEXTORZ3+24), The importance of the radial electric field for
H-mode is now widely recognized.

Thus the radial electric field has been considered to have an important effect on the
Mnement and anomalous transport in the plasma, and the experimental research on the
mechanisms determining the radial electric field in a toroidal plasma flourished recently. Since the
radial electric field is coupled with plasma rotation, research on the radial electric field is
accompanying the research on the radial profile of plasma rotation. Plasma rotation results from the
balance of momentum input and viscous damping. However, there exists an intrinsic rotation without
external momentum input. On the other hand, the radial electric field (rotation) in the plasma affects
the radial profiles of plasma density and temperature. This is because the particle transport,
momentum transport and heat transport are not independent of each other but have a complex
coupling25 ), Therefore, the complex plasma transport can be clarified through the research on the
mechanism determining the radial electric field. '

In this paper, the formation of a radial electric field is discussed, and the effect of this radial



electric field on plasma confinement is investigated. Two types of electric field formation are
discussed, externally driven and internally driven. As an example of external driven electric field, (1)
the negative radial electric field caused by neutral beam injection and (2) the positive radial electric
field induced by electron cyclotron heating are studied. In these studies our emphasis is to clarify how
the difference of magnetic field configuration (for instance tokamak and heliotron/torsatron) affects
the formation of the radial electric field and piasma rotation. The plasma viscosity, which is the key
parameter to determine the radial profile of the plasma rotation, is discussed in detail in this paper. For
the intrinsic case, the radial electric field in L-mode and H-mode is described in detail. The effect of
the radial electric field on plasma confinement is described mainly for plasmas of the counter-NBI
mode and of the H-mode type; the particle and energy confinement of core and edge plasma are
discussed. The mechanisms determining the radial electric field are summarized with the discussions

of these experimental researches.

1-2. Basic equation to determine the structure of radial electric field and the plasma rotation

The radial electric field can be produced by a small difference of ton and electron density
profiles. On the other hand, the radial electric field tends to reduce the difference. The radial electric
field is also damped by the diffusion process. Some force 1s necessary to keep the difference of ion
and electron densities to maintain a steady state radial electric field. The forces are for instance, the
momentum input due to neutral beam injection, the plasma pressure gradient and the bipolar flux
existing in the plasma. The radial electric field and plasma flow velocity in the plasma are governed

by the momentum (force) balance cquationl);
aVv .
minlg +minV-VV=-Vp-VII+pE + jxB + F

Here V is plasma flow velocity, m; and n; is ion mass and density, p and II are diagonal and
off diagonal terms of pressure tensor, p and E are charge density and radial electric field, j and B are
current density and magnetic field in the plasma, F is an external force, respectively. Here assuming
the poloidal and toroidal symmetry of plasma flow, ignoring the collision term between electrons and
ions, with p=-en, + can , = -cche + eZiniVi , the force balance of ions in steady state for each
direction are expressed by the following equations.



Fo=(V)I1);+{V 1T}, poloidal direction ()
Fo={VilT),+{V (1T}, toroidal direction(¢)
en;Z;E=dp;/or- en;Zi(vgBo-voBe) radial direction(r)

Here, F9 and F b are external (and internal) forces in the poloidal and toroidal directions of a
toroidal plasma, respectively. The force due to the neutral beam injected in the toroidal direction
(tangential direction) contributes to F o and the forces due to bipolar fluxes such as electron and ion
losses work as F9 and F & respectively. With respect to the viscous forces, we consider two
viscosities: one is the viscosity coupled to a velocity gradient in the direction parallel to the velocity
and the other is the viscosity associated with a velocity gradient in the direction perpendicular to the
velocity (radial direction). These viscosities are called parallel and perpendicular viscosity, and the
forces are given as <V"I'I>9’ 6 and <V _LH>6, o There are off-diagonal terms in these viscosities and
the plasma rotations are not independent of temperature or density gradients (which are considered to
be part of the internal forces). Taking the standard diagonal terms, the viscous forces can be

expressed by the viscosity coefficients pie’¢, H _Le,cb’

= pmu®
(VilT,o = mimit,® Voo parallel viscosity

- -7:m: 2
(V.10 4= -mimipt 1 V" Ve perpendicular viscosity

When the plasma flows in a nonuniform magnetic field, the parallel viscosity acts on it. The
plasma momentum is converted to thermal energy due to the change of magnetic field strength (transit
time magnetic pumping: TTMP), and the plasma velocity is damped. In tokamaks, the poloidal
rotation is considered to be damped by this mechanism26'27), since the magnetic field strength in
tokamaks is proportional to the inverse of major radius. When the plasma rotates in the poloidal
direction (from low field side to high field side), this rotation is damped by magnetic pumping. The
magnitude of parallel viscosity is (for the 0-th order argument) large regardless of the velocity
gradient. [;1“9 = (W/16) Ve (r/RZ)Ipvth(B/B e)13’28), where Ip is the energy integral coefficient and
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vy, is the thermal velocity of ions]. The measured poloidal rotation is damped and very small in L-
mode operation in tokamaks?23®), 1 heliotron/torsatron, both poloidal and toroidal rotations are
damped by TTMP and no large velocities are expected.

The damping force due to perpendicular viscosity is observed, when a velocity gradient exists
in radial direction. Roughly speaking the toroidal rotation is peaked at the plasma center and the
poloidal rotation velocity increases towards the plasma periphery. In both the poloidal and toroidal
rotations, the perpendicular viscosity is important because of radial velocity gradients. In tokamaks,
uI¢=0 due to toroidal symmetry and only u | is taken into account. The perpendicular viscosity
coefficient is determined by solving the momentmm balance equation with a force, F o term, due to
neutral beam injection and the viscosity term. This provides an approach to simultaneously determine
#, and spontaneous torque from the time evolution of the toroidal rotation velocity profiles. On the
other hand, in studying the toroidal rotation in the heliotron/torsatron or the poloidal rotation in
tokamaks, both the parallel and perpendicular viscosities pu, i wLshould be taken into account. The
contributions of ;.in and g | can be estimated by solving the diffusion equation separately for low and

high magnetic field ripple.
1-3. Physical mechanisms to determine the radial structure of the electric field

Figure 1 shows schematically physical mechanisms and relations to determine the radial
electric field in toroidal plasmas. The radial electric field is associated with toroidal and poloidal
rotation velocities and the ion pressure gradient. There are two types of forces to drive plasma
rotation in the toroidal or poloidal direction; one is the force due to the neutral beam injection and the
other is bipolar flux due to electron or ion diffusion across the magnetic field. When the radial electric
field is caused by NBI, the radial electric field profiles are mainly determined from the radial profiles
of toroidal rotation velocity driven by the neutral beam injection through the radial momentumn balance
equation. However, when the radial electric field is driven by the plasma bipolar fluxes, the radial
electric field is determined in a different way. This is because these bipolar fluxes have a strong
electric field dependence. In the steady state, where the ion flux is equal to the electron flux, the
bipolar fluxes of electrons and ions cancel each other. Therefore the magnitude of the radial electric

field is not determined by the magnitude of plasma particle fluxes but by the different dependence of



these fluxes on the electric field for electrons and ions.

If there is no difference of the electric field dependence of the ion and electron fluxes, the
radial electric field is determined by the boundary condition alone, yielding a trivial solution.
However, if there is a difference of the electric field dependencies between ion and electron fluxes,
the radial electric field is determined by the ambipolarity condition requesting equal ion and electron
fluxes in steady state. When the driving force for plasma rotation does not depend on the electric
field, the electric field is determined by the momentum balance equation, and when it depends on the
electric field, the electric field is determined by the ambipolar condition. There are many approaches
to control a radial electric field, namely by driving plasma rotation with neutral beam injection into the
plasma, by controlling ion and electron losses with NBI or ECH, by changing the electric field
dependence through the control of bulk temperature and density gradients. In this paper, the radial
electric field profiles controlled by various approaches are presented and the physics involved in these

processes are discussed.

2. Diagnostic

2-1. Electric field measurements with charge exchange spectroscopy

There are two approaches to measure an electric field: the heavy ion beam probe and the
spectroscopic measurement of plasma rotation. In H-mode research, which requires a high spatial
resolution, detailed plasma rotation profiles are measured using charge exchange spectroscopy (CXS)
It has been demonstrated experimentally that the radial electric field measured with a heavy ion beam
probe agrees with that estimated from plasma rotation®.

The radial electric field can be estimated from plasma rotation velocity and pressure gradients
using the radial force balance relation described above. In order to obtain a detailed radial profile of
the electric field, high spatially resolved measurements on radial profiles of toroidal and poloidal
rotation velocities and ion temperature and density are required. The most appropriate measurement
technique of these parameters is charge exchange spectroscopy. In this technique, the ion temperature
and plasma rotation velocity are measured from Doppler width and shift of visible radiation due to

charge exchange reactions between fully stripped impurities in the plasma and fast neutral beam



atomsgl”%). Since plasma rotation is usually measured from intrinsic impurity ions, the force
balance equation for this impurity species has to be used instead of the bulk ions. CXS measurements
on the bulk ions are complicated by a strong so called "cold component", radiation originating from
the same ion species but from the cold plasma periphery. This cold component is much weaker in
case of impurities, especially high Z impurities. Therefore, rotation velocity can be measured to a
higher accuracy on high Z impurities. In the estimation of the radial electric field, the diamagnetic drift
velocity vy, [ = 1/en;ZB ¢)8pi/8r ] of the bulk ions is large and comparable to the poloidal rotation
velocity, but the diamagnetic drift velocity v gy of the impurities is smaller by Z/Z; if dp;/or = opyfor
and negligible in most cases. In general, measurements with higher Z impurities yields better
accuracy, because rotation velocity measurements have better accuracy than pressure gradient

measurements.
2-2. Charge exchange spectroscopy

Charge exchange spectroscopy has the advantage of providing multi-chord data when using
optical fibers and thus gives a high spatial resolution up to Smm (in JFT-2M CXS). Charge exchange
collisions between fully stripped impurity ions of the plasma and fast hydrogen atoms from neutral
beam result in excited ions with one more electron in upper levels. For carbon impurities this process

is expressed as

HONB) + C&* = H* + COt(nl)

S HY+C*w ") +hv ‘n'<n

For our measurements we use the C5 ¥ (n=8-7) transition at A = 529.05nm. The emission cross
section for this transition at the impact energy of 40 keV is smaller than that for the n=7-6 transition
(343.37nm ) by a factor of thme37).H0wever, the n=8-7 transition (529.05nm) has the advantage of
lower attenuation through our optical fiber, and of a larger Doppler shift, of an absence of interfering
impurity lines nearby and it is used in many tokamaks and helical devices. Principally, in this kind of
measurement the emission originates from the volume defined by the intersection of the neutral

beams and the line of sight. However, radiation from the plasma periphery due to the charge
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exchange of impurities with thermal hydrogen atoms ("cold component”) is superimposed. Due to the
low temperature in the plasma periphery this emission exhibits a smalier Doppler broadening and can
thus be distinguished from the more central ("hot") radiation. In order to correctly determine and
eliminate this cold component, two sets of optical fiber arrays looking on and off the neutral beam
line are used>d).

2-3. Multichord charge exchange spectroscopy

a) Spectrometer
Multi-chord measurements can be done relatively easily by combining a spectrometer with an
optical fiber array and a two dimensional detector. Figure 2 shows a schemaric diagram of a
multi-chord measurement. An optical fiber array is arranged parallel to the entrance slit of a
Czemy-Turmer spectrometer and a two dimensional detector is arranged at the exit plane. This
results in a spectral dispersion in the horizontal direction and a spatial resolution in the vertical
direction.
b) CCD detector and video signal
The size of our CCD in the direction of wavelength is 6mm (243 channels), corresponding to
a spectral range of 2.4nm which is simultaneously measured for an 1 m spectrometer with 2160
groves/mm grating.'A frame transfer CCD with 60 Hz interlaced scan is used to avoid a
mechanical shutter for charge transfer (60 Hz scan rate is too fast compared to the open/close
time of mechanical shutter). The signal of the CCD is a standard video signal in NTSC and has
262+1/2 lines per frame. The interlaced scan starts from the left edge and ends in the middle of
CCD detector in odd frame while it starts from the middle and ends at the right edge of the CCD
detector in even frame as shown Fig.2. One line has 256 data sampled with SMHz clock and 12
bit dynamics. Since one frame has 64K data, 16 frames (267ms) can be stored with 1M word
MEmOory.
¢) Image intensifier (I.1.)
The spectra of each optical fiber are obtained simultaneously. A CCD camera with image
intensifier (L.I) is used for the two dimensional detector. Because of the weak signal of a
standard CCD an image intensifier (L.1.) is coupled to the CCD. Electrons emitted from the



photo cathode of the entrance window are intensified up to a factor of 10000 by a micro channel
plate and accelerated onto a phosphor screen. The image at the phosphor screen is fiber optically
transferred to the CCD.

d) CAMAC interface
A data acquisition system with a workstation + CAMAC interface is used to analyze the large
amount of data. Figure 3 shows the data acquisition system of the JFT-2M muld chord charge
exchange spectroscopy. The high voltage for the micro channel plate can be set with a digital
analog converter (DAC) and the gain monitor is read with a data logger (DLOG). The
wavelength of the spectrometer is controlled through a GPIB interface and the absolute value of
the wavelength is read out by an encoder and stored into an input register (INREG). These
CAMAC modules are controlled by a VAX workstation through a parallel bus crate controller
(PBCC).

¢) Frame window

When the Doppler width + shift of the charge exchange line is smaller than the coverage of

detector, we are able to save more frames in the available digitizer memory by not digitizing and
saving horizontal lines that correspond to wavelengths outside the region of interest {frame
window, see Fig.4.]. This frame window circuit can provide synchronized scans to the plasma
discharge. Figure 4 shows the block diagram of the frame window circuit which produces the
pretrigger for the reset of the CCD camera with the main trigger of the tokamak
(heliotron/torsatron) device. The CCD pretrigger is a few to a few tens of frames before the
ADC start trigger. The number of frames is counted with a vertical synchronized signal
(V.SYNC) of the CCD camera controller (I.I/TV controller). The frame window detects the
start of each TV line with a horizontal synchronized signal (H.SYNC) and sends the sampling
clock to the ADC in order to digitize the part of interest (spectral range). The clock for the setup
of the ADC is created independently from a SMHz fundamental clock. The time during which
we can take data can be expanded by a factor of two to three by not digitizing the part that is not

useful.

3. Plasma rotation and electric field



3-1. External drive of plasma rotation (electric field) and damping due to viscosity

3-1-1. Drive of toroidal rotation due to tangentially injected neutral beam and the damping due to

viscosity

The effect of a neutral beam on the radial electric field is different in tokamaks and helical
devices. In helical devices, a strong parallel viscosity is present because of a lack of toroidal
symmetry. Therefore, control of an electric field through an induced toroidal rotation is
complicated.In tokamaks, on the other hand, the effect of parallel viscosity on toroidal rotation is
negligible and toroidal rotation is consequently determined by the perpendicular viscosity and a large

toroidal rotation and electric field can be produced by tangential neutral beam injection.

A. Tokamak (negligible parallel viscosity)

JFT-2M is a tokamak with major radius R=1.3m and minor radius a=0.33m . It has two
tangential neutral beams; one is parallel (co-injection) and the other is anti-parallel (counter-injection)
to the plasma current. We can switch the neutral beams from co-injection to counter-injection during a
discharge to induce a positive or negative radial electric field. These series of experiments were done
under the conditions of a toroidal field of Bt = 1.3 T, a plasma current of Ip =240 kA, a deuterium
working gas, a limiter configuration, an elongation of x = 1.2 and a NBI power of 0.5-0.6 MW.
Figure 5(a) shows a time evolution of the torotdal rotation velocity at the plasma center in this
experiments. Due to an offset of co- and counter-rotation between 560 and 610ms, the perpendicular
viscosity is determined from the temporal evolution of the toroidal rotation after the switch from co-
to counter- of counter- to co- injection. In tokamaks, the toroidal magnetic field ripple is small enough
that the damping of toroidal rotation by TTMP (transit time magnetic pumping) can be neglected but
the radial diffusion of toroidal momentum due to the perpendicular viscosity is the dominating
effect 04 ),

Figure 5(b) shows the radial profile of perpendicular viscosity from a transport analysis for
toroidal rotation purely damped by the perpendicular viscosity. Similar profiles of perpendicular

viscosity are obtained both for discharges switched from co- to counter-injection and counter -to co-
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injection. The perpendicular viscosity for counter- to co-injection is slightly smaller than that for the
other one, which is due to the density peaking at the counter-injection phase. The v 0= 0 line is
determined from the spectra of two sets of optical fiber arrays viewing the plasma from opposite
directions {on and off the neutral beam line). These transport analyses also show the existence of an
offset momentum in the counter direction. It is still open to question which mechanism produces this
offset momentum in counter direction. However, preliminary transport analysis based on the
assumption that the offset momentum is driven by the ion temperature gradient, was I‘CpOI‘[cd46). The
offset of toroidal rotation will be described later.

The perpendicular viscosity on axis in JFT-2M is 0. 1m2/s which is relatively small compared
to the viscosities measured in a heliotron/torsatron described later. Therefore, toroidal rotation and
radial electric field profiles can easily be controlled by the tangential neutral beam injection. Figure 6
shows radial profiles of (a) the toroidal rotation velocity and (b} the radial electric field. The central
toroidal rotation velocity is 30km/s for co-injection and -100km/s for counter-injection, which is
lower by a factor of two. This is due 1o the offset of toroidal rotation in counter direction. The offset
toroidal plasma rotation is also estimated to be -25km/s from the measurement of v 0 with a short
balanced NBI pulse in the ohmic phase. V¢ measurements in JFT-2M ohmic plasmas show that the
plasma rotates in the counter direction with no momentum input from neutral beam injection. In L~
mode discharges, the contribution of a poloidal rotation to the radial electric field is small and the
radial electric field structure is mainly determined by the toroidal rotation. As can be seen from the
radial force balance equation, the pressure gradient term (diamagnetic drift) contributes a negative
electric field. The electric field is close to zero for co-injection because the toroidal rotation contributes
a positive electric field which cancels the negative electric due to the pressure gradient term. On the
other hand, a large electric field can be produced in case of counter-injection, because both the
toroidal rotation term and the pressure gradient term contribute to the negative electric field. Thus, the
radial electric field can be controlled by changing the direction of the neutral beam because the

momentum input of this neutral beam can easily change the toroidal rotation in tokamak
B. Heliotron/torsatron device (parallel viscosity is large)

In heliotron/torsatron devices, it is difficult to produce toroidal rotation large enough to
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significantly change the radial electric field because of parallel viscosity. For example, the Compact
Helical System (CHS) is a heliotron/torsatron device (poloidal period number I = 2, and toroidal
period number m = 8) with a major radius (R) of 95 cm and an average minor radius (a) of 20

a7 48), The magnetic field ripple near the center of the helical coils (R=90-95cm) is negligible,
however, it increases sharply for R >95 cm and reaches 8 % at R = 101.6 cm. Therefore the magnetic
field ripple at the plasma center can be modified from zero t0 8% by shifting the magnetic axis R,
from 89.9cm to 101.6cm and the damping of toroidal rotation due to TTMP can be studied?”). We
note here that R, is the major radius of magnetic axis in the zero beta limit (not real position of
magnetic axis) and is always smaller than the Shafranov shifted magnetic axis by a few cm in
cus?),

Figure 7 shows the change of radial profiles of ion temperature, tordidal rotation velocity,
modulation of magnetic field strength and electron density as a result of the major radius scan
R,,=89.8, 94.5, 97.4cm), which is controlled by the vertical field strength in CHS
heliotron/torsatron. The plasma is produced initially by electron cyclotron heating (ECH) in hydrogen
gas and sustained with tangential NBI (absorbed power of 0.5 MW in the direction parallel to the
helical current). The line-averaged density reaches about 2 x 1013 em™3 after NB injection. We define
the modulation of the magnetic ficld strength v as 'yz=< (8B/85)2 >/B2, where s is the length along
the magnetic field line and <> is a flux surface average operator. The structure of the magnetic field
and the modulation of the magnetic field strength v are derived from the finite-J} 3-D equilibrium code
VMEC5 1), based on the kinetic data in the experiments. As demonstrated on the ion temperature
profile, the peak position of the ion temperature, which is considered to be the plasma axis (Rp), is
shifted outward due to the finite P effect and this Shafranov shift of a few cm is consistent with the
prediction by VMEC. The momentum input due to the injected neutral beam has been estimated for
each plasma axis (Rp) using an analytical model” 2), where the parameter dependence of the shine-
through, orbit loss and charge exchange loss have been involved in the model to match the resuit of
the 3-D Monte Carlo code HELIOS ?),

As shown in Fig.7, the toroidal rotation velocities show significant damping as the magnetic
axis is shifted outward (Raxz 89.9 cm — 97.4cm and Rp= 91.9 cm — 98.2cm), although the energy
confinement time measured with a diamagnetic loop increases from 1.5 ms (R,,=89.9 cm: Rp= 91.9
cm)to2.5 ms (Rax =974 : Rp= 98.2cm) due to the increase of the plasma volume. Therefore the

12



damping of toroidal rotation at R, =97.4 cm {Rp= 98.2¢m) is not due to an enhancement of radial
momentum transport. In the core region p < 0.3, the plasma rotates almost paraliel to the magnetic
field lines, since the rotational transform in this region is 0.3 - 0.5. Several mechanisms can
contribute to the damping of the parallel velocity, such as TTMP of the rotating ions due to the
modulation of B (parallel viscosity), radial diffusion of momentum due 1o the velocity shear
(perpendicular viscosity) and collisions with neutral particles (charge exchange momentum loss).
Charge exchange loss becomes dominant only near the plasma edge and can be neglected in our
region of interest (p < 0.6).

Figure 8 shows a the comparison between the measured plasma flow velocity parallel to the
magnetic field as estimated from measured toroidal and poloidal rotation velocities and the predicted
one with parallel and perpendicular viscosity. Here two discharges are analyzed for R=89.9cm and
R=97 4cm, where the magnetic field ripple at the plasma center is negligible and large enough,
respectively. According to neoclassical theoxyze’zg), the viscosity coefficient of parallel viscosity can
be expressed as

i J% ~ ZVEYZBM%
with the modulation of the magnetic field strength ¥, the major radius R, the toroidal period number
M and thermal velocity vy The dashed lines in Fi g.8 are predicted rotation velocities with the
momentum injected into the plasma and neoclassical parallel viscosity alone. The neoclassical parallel
viscosity is multiplied by 0.3 to match the measurements for R, = 97.4cm. But if the same
multiplied factor for neoclassical values is used for R, = 89.5cm, the predicted parallel velocities
become much larger than the measured values. This is due to the fact that the perpendicular viscosity
can not be neglected for R, = 89.9cm because the parallel viscosity becomes as small as or smaller
than the perpendicular one. The central rotation velocity may be explained alternatively by increasing
the values of perpendicular viscosity with no parallel viscosity. To match the central parallel velocity
forR,,= 89.9cm a perpendicular viscosity, 1 . of 18m2/s is required, which is much larger than the
ion thermal diffusivity (anzls)5 4) and the measured paraltel velocity for R, =97.4cm can not be
explained. A combination of neoclassical parallel viscosity and 3.5mzls perpendicular viscosity,
which is comparable to ion thermal diffusivity, are required to explain the measured parallel velocity
13



profile both for R, = 89.9cm and R, = 97.4cm consistently. We note here that the predicted velocity
profile is sensitive to i i and insensitive to K, for R, = 89.9cm while it is sensitive to K, and

NCandp = 5m%s is not

insensitive to [l i for R,,=97.4cm. Thus, combination of b= R,
arbitrary. The parallel viscosity used to explain the experimental data for R, =97.4cm in this
analysis is smaller than Shaing's formula by a factor of 0.3. The parallel viscosity depends on the
three dimensional structure of magnetic field, however the viscosity discussed here is expressed only
by the modulation of magnetic field ripple y. The discrepancy of the viscosity coefficient K, bya
factor of three may come from the approximation of the high aspect ratio limit, in which the viscosity
1s given by the modulation of the magnetic field ripple y alone used in Shaing's calculation, although
the CHS device has low aspect ratio.

The parameter dependence of the viscosity is studied by changing the plasma density and the
ficld ripple to check whether it is neoclassical or not. The observation confirms that the parallel
viscosity is proportional to the square of the modulation of the magnetic field strength. The central
parallel velocity is not determined by the parallel viscosity alone, even if the gradient of parallel
velocity is zero at the plasma center. This is because the central velocity is determined by transport
processes, when the perpendicular viscosity is relatively large. Here we introduce the effective
parallel viscosity [ ¢ as an indication of how strong the damping of central velocity is by parallel and
perpendicular viscosities, M, and g 1 in the plasma. Effective viscosity {1 ¢r is defined as ueff'l =v,
(O)mine(O)/fNB I(O)’ where fNBI(O)R is the torque due to NBL. If there is no perpendicular viscosity
this effective viscosity is equal to the parallel viscosity, Begp=H - Figure 9 shows the inverse of the
effective viscosity as a function of magnetic field ripple and electron density. The effective parallel
Viscosity [, e shows the 72 dependence as predicted by the neoclassical theory in the region where
the paratiel viscosity becomes dominant, ¥ > 0.2. When the modulation of B decreases below 0.2, the
parallel velocity becomes small and perpendicular viscosity becomes dominant. As seen in Fig 8,
perpendicular viscosity is dominant for R, £92.1 cm and parallel viscosity becomes important for
R,y 2 94.9cm. Therefore in the following discussion we assume Hefr =K, forR,, <92.1 and Hetf
= ¢, for R,y > 94.9cm in the wide range of electron desity from 0.7 x 103 /em? t0 6 x 1013/cm?.
As shown in Fig. 9(b), when the modulation of B is small (y = 0.12), the effective viscosity shows a
clear density dependence. In this case, the perpendicular viscosity is dominant and is considered to be

1

proportional to the inverse of the electron density, because Megr  is roughly proportional to the
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electron density. However, when the modulation of B becomes large (v = 0.42), the parallel viscosity
becomes dominant and there is no density dependence. Thus the perpendicular viscosity is found to
decrease roughly proportional w 1/n, as the global confinement is improved by increasing the
electron density. This density dependence indicates the existence of anomalous radial diffusion of the
momenturn as observed in tokamak plasmas because the anomalous thermal diffusivity also has
similar density dependence. However, the parallel viscosity does not change 1n this density scan
experiment, confirming the plateau neoclassical prediction.

The parallel viscosity measured in CHS is smaller than the neoclassical prediction by a factor
of three. In order to study this discrepancy between measurements and theoretical predictions, the
toroidal rotation velocity is also studied in the Wendelstein 7-AS. The central toroidal rotation velocity
is measured with single point charge-exchange spectroscopy and the measurement is line-of-sight
integrated within the beam width. The present results are, however, preliminary. A detailed
experimental study is in preparation. Wendelstein 7-AS has two neutral beams which provide co-,
balanced- and counter-injection relative to the direction of the bootstrap current (which is opposite to
the toroidal magnetic field direction). The time evolution of toroidal rotation at the plasma center
measured with charge-exchange spectroscopy and the theoretical prediction are shown in Fig. 10 (a).
The co-injected neutral beam starts at 0.2 sec with a power of 0.4MW, the line averaged electron
density is 3x10%m3 10 6x1019m'3, and the central ion temperature is 0.4 - 0.5 keV. As seen in Fig.
10 (a) the central toroidal rotation velocity is < 5 km/s. In order to check that this toroidal rotation is
due to the momentum input of the neutral beam, the toroidal rotation is aiso measured for a plasma
with counter neutral beam injection. The measured and predicted central toroidal rotations are shown
in Fig. 10 (b). Co injection (#26454) shows roughly agreement between experiment and theory, but
counter injection (#26452) shows much higher velocity measured than theoretically expected. The
offset of the data may be due to errors in the determination of a zero reference velocity and different
deposition profiles for co- and counter-injection or a systematic error in estimating the momentum
deposition profiles of co and counter neutral beams.

The parallel viscosity affects the formation of a radial electric field by neutral beam injection.
Figure 11 shows the contribution of toroidal rotation and poloidal rotation to the VxB electric field,
V¢XB9 and vexB o according to the radial force balance equation for the magnetic axis at 89.9cm and
97.4cm. The contribution of toroidal rotation to the electric field is small as illustrated by the dashed
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and solid lines in Fig.11 and the contribution of poloidal rotation {open and closed circles) is
dominant. Therefore co neutral beam injection does not always results in positive electric field in
heliotron/torsatron devices. The electric field is considered to be determined by the bipolar flux such
as ion loss. The radial electric field enhanced by neutral beam injection is more negative for counter
injection when the magnetic axis is shifted inward (89.9cm), although it is more negative for co
injection when the magnetic axis is shifted outward (97.4cm). The tangentially injected fast ion
travels toroidaly on a drift magnetic surface if the pitch angle is small enough not to be trapped in the
helical ripple. The drift surface is more inside for counter traveling fast ions, while it is more outside
for co traveling fast ions. More orbit loss of counter traveling fast ions is expected when the plasma
surface is close to the inside vacuum vessel, and orbit loss of co traveling fast ions is expected when
the plasma surface is close to outside vacuum vessel. Although there is significant difference in the
density (n,) profilesof R,, =89.9cm and R, = 97.4cm, no difference in n,, profile is observed
between ¢o and counter injection. Then the difference in the radial electric field between co and
counter injection is mainly due to the direction of the fast ions and not due to the difference of NBI
deposition profile. The observed radial electric field qualitatively agrees with the prediction if we
assume that radial electric fields are produced by drift orbit losses of fast fons injected by neutral
beams. In a tokamak, the neutral beam injection changes the toroidal rotation and a counter neutral
beam always produces a more negative electric field. However, in CHS heliotron/torsatron a more
negative electric field is produced at the plasma edge when larger orbit losses of fast ions are
expected. The mechanism to enhance negative electric field depends on the magnetic field

configuration.
3-1-2. Indirect drive of radial electric field with ECH

In stellarator plasmas with high electron temperature and low collisionality, a positive electric
field determined by electron loss (electron root), is expected. In fact, a positive electric field is
observed for low density ECH plasmas and a negative electric field for high density NBI plasmas?’).
In CHS, zero or negative electric field is observed for low density ( 1x1019m'3) NBI plasmas and the
electric field becomes more negative (ion root) as the electron density 1s increased. When second

harmonic resonance ECH is applied to low density NBI plasmas, the electron density drops or is
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clamped. As the ECH power is increased, the density drop becomes larger. The radial electric field
changes its sign and suddenly becomes positive when the ECH power exceeds a critical value
(90kW) as shown in Fig. 12(a)55 ).There is no much difference of plasma electron density and
temperature below and above the threshold (85kW and 105kW). The electron collisionality is stll too
large for the plasma to be in the electron root and the positive electric field is considered to be due to
enhanced electron loss with ECH. This transition from ion root to eiectron root is observed only for
the second harmonic resonance ECH focused io ripple bottom. It is not observed with 2nd resonance
ECH focused to ripple top5 6) The transition from ion root to electron root in this experiment implics
enhanced electron loss by ECH, because ion collisionality is not low enough for the ion root even
with ECH. As shown in Figure 12 (b), the radial electric field profile with the ECH power of 85kW
is almost identical to that without ECH and a positive electric field of 40V/cm is observed at the
plasma periphery with the ECH power of 140kW. For a comparison with neoclassical theory, the
radial electric field is calculated from the ambipolarity condition that the neoclassical ior flux has to be
balanced by the neoclassical electron flux plus the ECH enhanced flux>0), However, the radial
profile of the calculated electric field shows a discrepancy with the measured one, which implies the
important role of other mechanisms determining the electric field such as perpendicular viscosity,

which has not been taken into account in the neoclassical theory.
3-2. Spontaneous radial electric field

A spontaneous radial electric field can exist in the plasma without external driving forces such
as neutral beams or ECH. This spontaneous electric field is observed due to an offset of toroidal
rotation in tokamaks, and due to a large poloidal rotation in heliotron/torsatron, or in tokamak H-

modes. It is driven by the temperature and density gradients but is not consistent with the neoclassical

prediction.
3-2-1. Radial profile of the radial electric field in CHS heliotron/torsatron

The spontaneous radial electric field measured in CHS heliotron/torsatron is compared with

the neoclassical prediction. A 28 GHz or 53GHz gyrotron produces an ECH plasma with a low
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density , while a tangential NBI with 0.9 MW can sustain the plasma at various densities (0.7 x
10%m3 106 x 101 m'3). Figure 13 shows the electron density and temperature profiles measured
with Thomson scattering, ion temperature profiles measured with charge exchange spectroscopy, and
the radial electric field normalized by the averaged ion temperature gradient, T;(0)/a, where a is the
minor radius and T;(0) is the central ion temperature. Both electron and ion temperatures are constant
in the low density region (< 2 x 101 m'3), while the electron temperatiure decreases (ion temperature
is unchanged) as the electron density is increased in the high density region (> 2 x 1019 m'3), which
is consistent with the fact that the energy confinement time is proportional to electron density in the
low density region and tends to saturate in the high density region. The ion collisionality vy at the
half radius is 2.4 for the discharge with the electron density of 2 x 1017 m™ and 22 for the high
density discharge (n =6 x 1019 m'3). The electric field at p = 0.8 is almost zero for the discharge

with low density of 0.7 x 1019 m™

and increases to negative values as the clectron density is
increased. It is -45 Vfem for a,=2 x 1019 w3 and -120 V/cm for ne=6 x 1017 m™3, Here the radial
electric field E_ is normalized with respect to the averaged ion temperature gradient T;(0)/a in order o
compare with the radial electric field in tokamak plasmas which have at much higher ion temperature.
This normalization is equivalent to that of space potential by ion temperature, @/T; in a electrostatic
confined plasma. The normalized negative radial electric field in CHS increases towards the plasma
periphery and its magnitude in high density discharge is larger than the edge electric field observed in
L-mode discharges in JIPP TII-U sokamak [see Fig 14(b)].We observe a high magnitude radial
electric field in non H-mode discharge in CHS in contrast to tokamak L-mode plasmas, which is
considered to be partly due to the difference in the magnetic field structure between tokamaks and
heliotron/torsatron devices, because the magnetic field structure significantly affects ion and electron
losses as well as viscous damping of plasma rotation® .

The electric field can be calculated from the ambipolarity condition using the electron and ion
fluxes according to Kovrizhnykh or Hasting® 7). Although the predicted electric field is
comparable to the measured one at the plasma core, it does not agree with the measured one near the
plasma edge60). The neoclassical fluxes are given by temperature and density gradient alone and do
not include bipolar fluxes due to charge exchange momentum loss, orbit loss of buik or fast ions

injected by neutral beams and anomalous perpendicular viscosity, which may explain this
discrepancy. A comparison of measured eleciric field profiles with neoclassical calculations including
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these mechanisms has been reported reccnﬂyél’&).

3-2-2. Radial profile of the radial electric field in L-mode plasmas

The toroidal ripple due to a finite number of toroidal field coils®3+64) localized near the
plasma edge in tokamaks is much smaller than the helical ripple in heliotron/torsatron device. There
should, therefore, be a difference in the spontaneous electric field in tokamaks and
heliotron/torsatrons. Toroidal momentum inpat should be avoided to study the spontaneous electric
field, although neutral beam injection is necessary to utilize charge exchange spectroscopy for plasma
rotation measurements. A perpendicularly injected neutral beam is, thus, desirable for a study of the
spontaneous electric field. JIPP TII-U is a tokamak with a major radius of 0.9m and a minor radius
of 0.23m which has perpendicular as well as tangential neutral beams. Radial electric field profiles are
measured in tangential and near perpendicular co and counterinjection experiments. Figure 14 shows
radial profiles of toroidal rotation velocity and radial electric field for discharges with a neutral beam
power of 0.7MW, toroidal field of 3T and central electron density of 6x101%m™>. The central toroidal
rotation velocity is 40 kmy/s for co and -80kmy/s for counter parallel injection. The toroidal rotation
velocity is normalized to the thermal velocity of the bulk ions to compare the magnitude of toroidal
rotation for various power levels of neutral beam injection. The poloidal rotation velocity is 2-3km/s
at the plasma edge (3-5 cm inside the separatrix) and the coniribution of poloidal rotation to the radial
electric field is relatively small. The toroidal rotation velocity contributes the radial electric field more
than the poloidal rotation velocity by a factor of 2 - 3. Here, the radial electric field is normalized to
the value of the central ion temperature (0.7-1.0 keV) to compare discharges with different ion
temperatures. In Fig.14, "para” indicates tangential injection and "perp" perpendicular injection with
an injection angle of 81 degree, and a tangential radius of 0.2m.

Since JIPP T-ITU has only one tangential and one perpendicular neutral beam, the switch from
co to counter is done shot by shot in reversing the plasma current direction. As shown in Fig. 14, the
plasma rotates in the direction of neutral beam injection in case of tangential injection. However it
always rotates in the counter direction regardiess of the direction of the neutral beam for the near
perpendicular injection (-30km/s for co injection and -60km/s for counter injection). This observation

shows a spontaneous rotation in the direction anti-parallel to the plasma current. This spontaneous
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rotation increases as the ion temperature is increased by ICRF heating, in which no tangential
momentum is injected65 66) The radial electric field is zero or positive for parallel neutral beam
injection, while it is negative in most regions of the plasma with a peak value of -250 V/cm at half of
the minor radius for the anti parallel neutral beam injection. When the neutral beam is injected
perpendicularly, the spontaneous potential with respect to the plasma edge is negative and its
magnitude is a few times that of Ti(O)/e for 0 <p <0.5.

3-2-3. Edge Polotdal Rotation Profiles of H-mode Plasmas

According 1o neoclassical theory, ion and electron radial fluxes have a different electric field
dependence and the radial electric field is determined by the balance of ion and electron fluxes. When
there is more than one solution for the electric field in the balance equation of the ion and electron
fluxes, the radial electric field can not be determined vniquely for fixed plasma density and
temperature gradients. In this situation, the radial electric field can change rapidly (without a change
of other plasma parameters). This phenomenon is characterized by bifurcations between which fast
transitions of the radial electric exist. In this paper, we describe two types of electric ficld transitions;
one is the transition from small to large negative electric field as observed in tokamak H-mode and the
other is the transition from ion root {negative electric field) to electron root (large positive electric
field).

Since the sudden transition from low confinement (L.-mode) to high confinement (H-mode)
was discovered in ASDEX NBI heated plasmas, it has been observed in PDX67), DHI—DGS),
ET, IFE M9, 11PP TIEU 7Y and TFTR?2 tokamaks with ECH’>), Tower hybrid resonance
(LH)™® and Ohmic’>) heating. Various theoretical models for the L to H-mode transition have been
proposed since H-mode discharges were reproduced in many devices. These H-mode models are

9-11) 12-14) spontaneous poloidal spin-

based on bipolar ion orbit losses , neoclassical viscosity
up76) or power flow asymmetry77) and fluctuation supprcssion78). They have been proposed o
explain the sudden change of poloidal rotation velocity and radial electric field at the L/H transition.
Recently the rapid change of poloidal rotation velocity and radial electric field near the plasma
periphery at the L- to H-mode transition has been reported from D-TID3-17) and 7rroM18-20),

The detail of radial electric field profiles observed in L- and H-mode plasmas in the JFT-2M tokamak
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are presented in this paper. Figure 15 shows the profiles of electron temperature measured with
electron cyclotron emission (ECE) and ion temperature measured with toroidaly viewing charge
exchange spectroscopy before (t = 708, 742 ms) and after {t= 775, 808 ms) the L/H transition, and
the edge radial electric field and edge potential profiles at ohmic (t = 692 ms), L-mode {t = 742 ms)
and H-mode (t = 792 ms) phases. The discharges are with a toroidal field of 1.3 T, a plasma current
of 280 kA, qw of 2.7, amajor radius of 1.3 m and a minor radius of 0.3 m and hydrogen working
gas in a single null divertor configuration. The neutral beam injection (NBI) starts at 700 ms in the
co-direction with a power of 0.7 MW and a second beam is added at 730 ms in the counter direction
with a power of 0.3 MW to exceed the power threshold for the L/H transition which occurs at 760
ms. Both electron and ion temperature profiles show a larger pedestal at a normalized minor radius of
0.9 after the transition phase from the L-mode to the H-mode. The increase of electron temperature is
simply due to the improvement of electron thermal transport, since most NBI power is deposited near
the plasma center in both L-mode and H-mode phase. However the increase of ceniral ion
temperature in the H-mode phase is due to both the improvement of ion energy transport and the
increase of power flow due to the collisions with electrons at higher electron density. The electric field
profiles for ohmic, L-mode and H-mode plasmas are calculated from rotation velocities and pressure
gradients of carbon using the momentum balance equation for impurities. The contribution of poloidal
rotation to the radial electric field is dominant. The plasma always rotates in the ion diamagnetic
direction outside the separatrix and ir the electron diamagnetic direction inside the separatrix. The
structure of poloidal flow is consistent with the measurements of phase velocity of the turbulent
fluctuations in the TEXT tokamak ). The radial electric field is positive outside the separatrix and
negative inside the separatrix. The position, where the radial electric field is zero, moves outward as
the plasma changes from ohmic to L- to H-mode. The gradient of the electric field inside the
separatrix is positive in the ohmic phase, almost zero in L-mode and becomes negative in the H-
mode. The relative space potentials in the plasma are derived by integrating the radial electric field.
Combining the measurements of space potential with electric probes, the profiles of space potential
relative to the vacuum vessel for ohmic, L-mode and H-mode are obtained as shown in Fig.15(d).
This negative space potential just inside the separatrix is -260 V, while the ion temperature is 170 eV
at the thermal barrier.

In the following we discuss how the radial structure of the radial electric field is determined.
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Since the radial electric field is connected to plasma poloidal rotation through the radial force balance
equation, the transport equation for the poloidal rotation velocity determines the radial structure of
electric ﬁcldzo). The neoclassical parallel viscosity is proportional to the magnitude of flow, when the
poloidal rotation velocity is small enough. The parallel viscosity coefficient, Ip, which is calculated
by the integration of ion energy, is around unity. However, when the poloidal rotation velocity
becomes large enough so that the projection of the poloidal ExB drift velocity on the magnetic field,
vExB(B/Be)’ exceeds the ion thermal velocity, the energy integration coefficient, Ip, drops below
unity and the magnitude of the parallel viscosity decreases even if the poloidal velocity increases. This
mechanism is the H-mode model based on neoclassical parallel viscosiry13). We estimate the
coefficient Ip for the measured poloidal rotation and check the validity of this H-mode model. The
poloidal rotation velocity increases only near the plasma periphery and the velocity shear becomes
large enough so that anomalous perpendicular viscosity as well as neoclassical parallel viscosity
become important. The poloidal force FB’ driving poloidal rotation (radial electric field ) in JFT-2M is
a ] x B force due to ion orbit losses and is considered to be localized near the plasma edge, increasing
exponentially towards the separatrix; F9 = Fe(O) exp(-czleppiz), where Ppi is a poloidal gyro
radius. The poloidal rotation velocity profile (strictly speaking, ExB drift velocity) is determined by

solving the following equation;

» " 2
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Here VExB is a ExB drift velocity defined by ExB/IBlZ. X is the distance from the location of the
poloidal rotation peak in the mid-plane. The coefficient ¢ is a shape factor. The poloidal force FG (1))
is chosen to match the measured peak poloidal rotation velocity v, p(0). The shape factor of the
poloidal force Fe 1s fixed {c = 1) in the present analysis of this paper. The boundary conditions in this
calculation are avExB (0)/dr =0 and Vg™ =0.

Figure 16 shows the radial profile of the energy integration coefficient Ip, parallel viscosity,
and perpendicular viscosity estimated from the measured poloidal rotation velocity profile. The
magnitude of perpendicular viscosity required to reproduce the measured radial profile of the poloidal
rotation velocity is in the range of 2m/s to 10m/s. The error bar due to the uncertainty of the

perpendicular viscosity coefficient is shown in Fig, 16(b). As shown in Fig 16(b), the energy
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integration coefficient Ip drops below 0.5 and the parallel viscosity decreases at the plasma periphery
( 1cm inside the separatrix), where the poloidal rotation exceeds 10km/s. These measurements
support the hypothesis of an H-mode model based on neoclassical parallel viscosity. The
perpendicular viscosity increases near the plasma periphery because of the large velocity shear and its
magnitude is comparable to that of paralle! viscosity. In the H-mode region the perpendicular
viscosity clamps the poloidal rotation together with the decreasing parallel viscosity, while the
poloidal rotation is damped to small levels solely due to parallel viscosity in the L-mode region.

The poloidal force should be localized within the poloidal gyro-radius near the plasma
periphery, if the Lorenz force due to orbit loss causes the poloidal force. Then the width of the
velocity shear layer has been considered to be of the size of the poloidal gyro-radius. However, it can
be larger than the poloidal gyro radius due to radial diffusion, when the perpendicular viscosity is as
large as the parallel one as mentioned above. Figure 17 shows the width of the poloidal rotaton
velocity shear, L(VEXB), defined as twice of th; half width at half maximum 2xHWHM) of the
poloidal rotation velocity profile estimated only inside the separatrix in the H-mode plasma. The
width of the poloidal rotation velocity shear, I{Vgyg). is plotted as a function of poloidal gyro-
radius. Open circles are for hydrogen plasma and closed circles are for deuterium plasma. Three lines
denote the width of poloidal rotation velocity simulated from neoclassical parallel viscosity and
anomalous perpendicular viscosity for three different magnitudes (2m2/s, 5m2/s, 10m2/s). The width
of the velocity shear layer observed in JFT-2M H-mode, is twice that of the poloidal gyro-radius and
has a weak gyro radius dependence. As seen in the simulation curve, the width of poloidal rotation
velocity has no poloidal gyro-radius dependence due to the anomalous perpendicular viscosity,
although the poloidal force is localized within the size of a poloidal gyro-radius. When the poloidal
gyro-radius becomes large (> 3cm), the perpendicular viscosity becomes less important, so that the
linear dependence between the size of the poloidal rotation velocity profile and the poloidal gyro-
radius becomes clear, On the other hand, when the poloidal gyro-radius becomes smaller (< 1cm), the
radial transport becomes more dominant, i.e. perpendicular viscosity is as large as parallel viscosity.
For the condition of the H-mode experiment in the JFT-2M tokamak discussed here, perpendicular
viscosity at the peak is comparable to parallel viscosity. Therefore, the observed poloidal rotation
velocity profiles in JFT-2M do not deny the validity of a H-mode model based on ion orbit losses and

confirms the importance of anomalous viscosity.
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When the projected poloidal velocity to the line of the magnetic ficld becomes large enough to
exceed the ion thermal velocity (poloidal Mach number > 1), the energy integration coefficient Ip
starts to decrease in the neoclassical theory. Figure 18(a) shows the poloidal Mach number versus
electron density at the I.-mode and H-mode phases for plasma currents of 170kA, 230kA, 280kA,
with hydrogen (H) and deuterium (D) working gas. Even if the heating power is large enough, L/H
transitions are not observed (the poloidal Mach number is less than unity) when the line averaged

-3 As the line electron density is increased, the L/H transition

electron density is below 2x10Pm
occurs and the poleidal Mach number increases up to two and a velocity shear is produced near the
plasma periphery. After the L/H wransition, the electron density increases and finally the H/L transition
occurs. Atthe H/L transition the poloidal Mach number decreases rapidly to the level in L-mode,
followed by a gradual decrease of the electron density.

Figl8(b) shows the poloidal Mach number versus line averaged electron density measured in
Wendelstein 7-AS L- and H-mode plasmas. Although the results are preliminary the data show a
critical value of the poloidal Mach number at the L- to H-mode transition as in JF'T-2M H-mode. The
differences between Wendelstein 7-AS and JFT-2M H-modes are the critical line averaged density and
the critical Mach number at the L to H-mode transition. The minimum line electron density to achieve
H-mode in Wendelstein 7-AS is 4x101%m™> which is two times higher than that in JFT-2M. The
poloidal Mach number at the L/H transition in Wendelstein 7-AS is 0.5 which is smaller than that
observed in JFT-2M. As seen in the poloidal Mach numbers in JFT-2M and Wendelstein 7-AS, the
H-mode in the stellarator has a qualitative similarity to the H-mode in a tokamak. Poloidal rotation
and poloidal Mach number are important parameters to characterize L- and H-modes. However, the

mechanism leading to a lower critical Mach number and a higher critical line averaged density in

stellarators compared to tokamaks is stifl open to question.
4. Effects of a radial electric field on plasma confinement
4-1. TImprovement of particle confinement due to a negative electric field

Since the observation of density peaking in the Alcator-C pellet injection experiments, the

improvement of core confinement has been recognized o be associated with a peaked electron density
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80), Many improved confinement modes, such as the super shot in TFTR® 1), 10C-mode in
ASDEX82’83), improved L-mode in JFT2M3Y are related o density peaking. Recently, counter
(ctr) - neutral beam (NB) heating has been found to produce peaked density profiles and to enhance
the energy confinement time in 15X-B%%) and ASDEX 86,87) A density peaking model due to a
radial electric ficld®8-8%) has been proposed to explain these observations.In this paper, we compare
the density peaking observed in JFT-2M with the theoretical model. According to this model, the
radial flux is determined by the temperature and density gradient, radial electric field, and drift type

fluctuations as;

where D is a diffusion coefficient, « is a numerical coefficient of order unity, ® and m/r denote the
frequency and wave number of the mode for a drift-type micro-turbulence. The time evolution of
density profiles calculated using the measured radial electric field and this model (solid and dashed
lines) shows good agreement with the measured density profiles as shown in Fig. 19(b). The central
diffusion coefficient used in this calculation is 0.02m2/s. The magnitude of the diffusion coefficient is
consistent with the low diffusion coefficient measured in JET192), This experiment indicates that

the improved particle transport is related to the negative electric field.
4-2. Improvement of energy confinement due to a negative electric field
4-2-1. Improvement of energy confinement in the plasma core

The energy as well as particle confinement is observed to be improved by a negative electric
field. The improvement of energy confinement observed in JFT-2M plasmas with a counter injected
neutral beam is compared with a theoretical evaluation based on 7;-mode theory93’94). Figure 20(a)
shows the time evolution of central ion and electron temperatures with co and counter injected neutral
beams in the JFT-2M tokamak. The time evolution of the electron temperature at the center Te(0) is
measured with soft X-ray pulse height analysis (PHA) with 50 ms integration time. Profiles of

electron temperature and density are obtained with a 13-channel Thomson scattering (TS) system.
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The co-NBl is active from 550 ms to 750 ms with an absorbed power Pabs of 0.49 MW, and the ctr-
NBI is on from 750 ms to 950 ms with P, . = 0.56 MW. The central toroidal rotation velocity
changes its direction from co- to counter-direcion 30 ms after the interchange of the neutral beam
direction. The central ion temperature increases from (.7keV to 1.1keV in the counter injection phase.,
The increase of the volume averaged ion temperature, <T>, as well as of the central ion temperature,
indicates the improvement of global energy confinement, which is also supported by the measured
energy confinement time of 18 ms for the co-NBI phase and 24 ms (1.5 times) for the ctr-NBI phase.
On the other hand, the central electron temperature stays constant within 100ms after the injection of
counter NBI and then starts to decrease due to increase of central radiation caused by the impurity
accumulation, which is observed in the bolometer array. Finally the central ion temperature also starts
to decrease due to the collisions between ions and electrons after t = 900 ms. Figure 20 (b) shows the
effective thermal diffusivity estimated at the coinjection phase (t=690ms) and counter injection phase
(t=890ms). The effective thermal diffusivity for the counter injection phase is reduced by the factor of
three at the plasma center and 30-50% at the plasma edge relative to the co injection phase. This result
is qualitatively consistent with the prediction by the n;-mode theory. However, the radial profile of
this thermal diffusivity measured is significantly different from that calculated with the 1j;-mode
theory, which shows that the improvement of thermal diffusivity at the counter injection phase can not
be explained by the 1;-mode theory. The experiment in JFT-2M shows that the negative electric field
due to counter injected neural beams causes an inward particle pinch and the peaked density profile
reduces the heat and momentum transport.

We, now, discuss the effect of a radial electric field in the ECH experiments in CHS, where
the radial electric field changes from negative to positive. The plasma stored energy is proportional to
the electron density in the low density region as shown in Fig 21. (a). When the ECH power is
Increased, the electron density decreases due to enhanced particle loss and the stored energy also
decreases. In Fig. 21 (b), we plot the energy confinement time normalized to electron density and
root square of total absorbed power (NBI + ECH). No improvement of energy confinement is
observed at the transition of the ion root {negative electric field) to electron root (positive electric
field). The similar experiment with lower collisionality is carried out to study the neoclassical effect of
the electric field on energy transport.

The measurements in CHS demonstrate that the plasma can be in the electron root by control
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of electron loss due to second harmonic ECH. The control of the electric field by ECH will be a
useful tool to study the electric field effect regardless of collisionality. To understand the technique of

controlling the electric field would result in a new technique to improve plasma confinement through

this radial electric field.

4-2-2, Improvement of energy confinement at the plasma periphery

The radial electric-field and a poloidal rotation velocity shear are theoretically expected to
reduce fluctuations in the plasma and improve the confinement! 17893 We studied the relation
between a poloidal rotation velocity shear and the electron and ion temperature gradients at the plasma
periphery as a indication of improved confinement. Figure 22 (a) shows the radial profiles of electron
and ion temperature gradients at the plasma periphery. The peak of the electron and ion temperature
gradients is Jocated 1 - 2 cm inside the separatrix, indicating that the improvement of energy
confinement is just inside the separatrix. The temperature gradient for L-mode is below 40eV/cm,
while it increases up to 70¢V/cm for H-mode. The region of improved energy confinement is
restricted to within 5 cm inside the separatrix and no improvement is observed in the plasma core
region. Figure 22 (b) shows the peak electron and ion temperature gradients as a function of poloidal
rotation velocity shear. Open symbols stand for L-mode and closed symbols stand for H-mode
plasma. The electron and ion temperature gradients increase as the plasma current is increased. The
electron and ion temperature gradients increase as the poloidal rotation velocity shear in the electron
diamagnetic direction {negative electric field shear) is increased in H-mode. However, the electron
and ion temperature gradients do not increase even if the poloidal velocity shear in the ion diamagnetic
direction (positive electric field shear) is increased in L-mode. These observations imply the

difference of the polarity dependence of electric field on energy confinement.

5. Summary

The radial electric field is connected to the plasma rotation through the radial force balance.
Therefore, the radial electric field in the plasma is determined by the balance between poloidal or

toroidal driving forces such as beam injection, bipolar losses due to ECH or NBI, and damping force

27



such as parallel and perpendicular viscosities in the plasma. The change of plasma rotation velocity
profiles due to momentum input into the plasma is measured in order to study the mechanism
producing a radial electric field. Paraile! and perpendicular viscosity, which damp the plasma rotation,
are evaluated separately. From measurements of toroidal rotation in helical devices
(heliotron/torsatron and stellarator), the parallel viscosity is found to be close to the neoclassical
predictions. In tokamaks, where there is almost no parallel viscosity in the toroidal direction, the
experimentally determined perpendicular viscosity is found to be anomalously high.

The spontaneous electric field and plasma rotation which is generated even without external
momentum input is found both in tokamak and helical plasmas. The observed radial structure of the
radial electric field does not agree with the neoclassical prediction. This discrepancy is mainly due to
the fact that the anomalous perpendicular viscosity in the plasma is much larger than neoclassically
predicted one. The measured spontaneous plasma rotation implies the existence of oft-diagonal terms
in the transport matrix, since this spontaneous plasma rotation is driven by the density or temperature
gradients. In H-mode plasmas, a high electric field shear, which may be caused by ion orbit losses, is
observed in the plasma periphery. The detailed analysis of poloidal rotation velocity profiles in the
JFT-2M tokamak H-mode shows that the perpendicular viscosity becomes as important as the parallel
viscosity even for the poloidal rotation, when large velocity gradients are produced in the plasma
periphery.

It has been experimentally confirmed that (1) the radial profiles of density and temperature,
i.e. their gradients determined by the heat and particle transport, affect the momentum transport
(radial profile of plasma rotation velocity) and that (2) the gradients of the radial electric field and/or
plasma rotation affect the particle and heat transport. A particle pinch (inward flow) is experimentally
found to be triggered by a negative electric field shear driven by external momentum input of a
counter injected neutral beam. In H-mode plasmas, the thermal transport is reduced and large
temperature gradients are produced associated with a strong negative electric field shear localized at
the plasma periphery. These observations indicate the importance of off-diagonal terms between
momentum transport and particle/heat transport in the transport matrix. These off-diagonal terms in
the transport matrix enable us to improve the confinement by the direct (momentum injection) or
indirect (heating) control of the electric field. A quantitative study of diagonal and off diagonal terms

in the futare will improve our understanding of anomalous transport and improved plasma
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confinement.
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Figure captions

Fig.1.

Fig.2.

Fig 3.

Fig.4.

Fig.5.

Fig.6.

Fig.7.

Fig.8.

Physical mechanisms determining the radial electric field in a toroidal plasma.

Schematic diagram of the multi-channel measurement using optical fiber array. Solid lines

show interlace scans in the odd frame and dashed line show scans in the even frame.

Block diagram of data acquisition system for the multi-channel charge exchange

SPECLroscopy.
Block diagram of the frame window.

(a) Time evolution of the toroidal rotation velocity at the plasma center and (b) radial profiles

of perpendicular viscosity for a neutral beam injection experiment in the JFT-2M tokamak.

Radial profiles of (a) plasma toroidal rotation velocity and (b) radial electric field in co-
(t=690ms) and counter-NBI phase (t=890ms) in the JFT-2M tokamak, where p is the
normalized averaged minor radius (from Phys. Rev. Lett. 68 (1992) 182). The solid lineis a
fit through the data points.

Radial profiles of (a) ion temperature, (b) toroidal rotation velocity, (c) modulation of
magnetic field strength ¥ (where 72=<|BBfasi2>/Bz), and (d) electron density for the major
radii of 89.9cm, 94.9cm and 97.4cm in CHS heliotron/torsatron, where p is the normalized
averaged minor radius and £(0) is the magnetic field ripple at the plasma magnetic axis (from
Phys. Rewv. Lett. 67 (1991) 58).

Comparison of radial profiles of the parallel velocity and theoretical estimates using only

neoclassical parallel viscosity (dashed line), a perpendicular viscosity of 18m2/s (dot-dashed
lines) and a combination of parallel and perpendicular viscosity (solid line) for major radii of
(2) 89.9cm and (b) 97.4cm in CHS heliotron/torsatron, where p.nNC is neoclassical paralle]
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Fig.9.

Fig. 10.

Fig.11.

Fig.12.

Fig.13.

Fig.14.

viscosity in the plateau regime. (from Phys. Rev. Lett. 67 (1991) 58).

Inverse effective central viscosity derived from the measured central toroidal rotation velocity,
electron density and momentum input as a function of (a) the modulation of magnetic field
strength at the plasma axis and (b) line averaged density in CHS heliotron/torsatron. In
Fig(9a), the dashed line is an estimate by a neoclassical parallel viscosity and solid line
shows the estimate by a combination of neoclassical parallel and anomalous perpendicular

viscosity.

{(a)Temporal evolution of the central toroidal rotation velocity and the prediction by
neoclassical parallel viscosity for co-neutral beam injection and (b) comparison of measured
central toroidal rotation velocities with the predictions by the neoclassical parallel viscosity
for co, counter(ctr), and balanced(blnc) neutral beam injection in the Wendelstein 7 AS

stellarator.

Radial profiles of the VxB electric field in plasmas with co- and counter-neutral beam
injection for major radii of (a) 89.9cm and (b) 97.4cm in CHS heliotron/torsatron, where ¢

and 0 stand for the toroidal and poloidal direction, respectively.

(a) Radial electric ﬁéld at the normalized averaged minor radii p = 0.49, 0.61, 0.72 and 0.82
as a function of launched power of 2nd harmonic electron cyclotron resonance heating
(ECH) and (b) radial profile of the electric field for the discharges without and with ECH
(85kW and 140kW) in CHS heliotron/torsatron.

Radial profiles of (a) electron density, (b) electron temperature, (c) ion temperature (d) radial
electric field for density a scan (n, = 0.7, 2.0, 6.0, x10*m%) in CHS heliotron/torsatron,

where p is the normalized averaged minor radius.

Radial profiles of (a) toroidal rotation velocity normalized to thermal velocity and (b)
normalized radial electric field for co and counter, parallel and near perpendicular neutral
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Fig.15.

Fig.16.

beam injection in JIPP TIIU tokamak, where ais the minor radius and p is the normalized

averaged minor radius

Radial profiles of (a) electron temperature measured ECE and (b) ion temperature measured
with charge exchange spectroscopy, (c) radial electric field and (d) plasma space potential for
ohmic (t=692ms, OH), L-mode(t=742ms) and H-mode (t=792ms) phases, where p is the
normalized averaged minor radius and ds is the distance from the separatrix (negative:
inside, positive : outside). SOL means scrape off layer. The absolute value of the space

potential is measured by probes (squares symbols).(from Phys Fluids B4 (1992) 2552).

Radial profiles of (a) ExB drift velocity , (b) parallel and perpendicular viscosities and energy
integral coefficient Ip at the plasma edge in H-mode. SOL means scrape off layer.

Fig.17. The thickness of ExB drift velocity shear as a function of poloidal gyro-radius. Open circles

stand for hydrogen plasma and closed circles for deuterium plasma. Three lines show the
simulated results with neoclassical parallel viscosity plus perpendicular viscosities of 2m2/s,
5m2/s and 10m?/s.

Fig.18.Poloidal Mach numbers as a function of line averaged electron density in (z) the JFT-2M

Fig.19.

Fig.20,

tokamak with plasma currents of 170kA, 230kA, 280kA for hydrogen (H) and deuterium
(D) plasmas and (b) Wendelstein 7 AS stellarator.

(a)Time evolutions and (b) radial profiles of measured electron density (open and closed
circles) for co and counter neutral beam injection in the JFT-2M tokamak compared with
theoretical predictions (lines). (from Phys. Rev. Lett. 68 (1992) 182).

(a) Time evolution of the central electron and ion temperatures and the volume averaged ion
temperature (b) radial profile of the effective thermal diffusivity compared with the prediction
by m; mode theory for co and counter neutral beam injection phases in JFT-2M tokamak.
(from Phys. Rev. Lett. 68 (1592) 182).
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Fig. 21. (a) Plasma stored energy as a function of line averaged density and (b) energy confinement
time as a function of injected power for 2nd second harmonic resonance electron cyclotron

heating in CHS heliotron/torsatron.
Fig. 22. (a) Radial profiles of the electron and ion temperature gradients at the plasma edge and (b)

peak values of the electron and ion temperature gradients as a function of poloidal rotation

velocity shear in the JFT-2M L- and H-mode plasmas.
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